Mitogen-activated protein kinases (MAPKs) are important transducers of external signals for cell growth, survival and other cellular responses including cell differentiation. Several MAPK cascades are known with the MEK1/2-ERK1/2, JNK, and p38MAPKs receiving most attention, but the role of MEK5-ERK5 in intracellular signaling deserves more scrutiny, as this pathway transmits signals that can complement ERK/2 signaling. We hypothesized that the ERK5 pathway plays a role in the control of monocytic differentiation, which is disturbed in myeloid leukemia. We therefore examined the cellular phenotype and key molecular events which occur when human myeloid leukemia cells, acute (AML) or chronic (CML), are forced to differentiate by vitamin D derivatives (VDDs). This study was performed using established cell lines HL60 and U937, and primary cultures of blasts from 10 patients with ML. We found that ERK5 and its direct downstream target transcription factor MEF2C are upregulated by 1,25D in parallel with monocytic differentiation. Further, inhibition of ERK5 activity by specific pharmacological agents BIX02189 and XMD8-92 alters the phenotype of these cells by reducing the abundance of the VDD-induced surface monocytic marker CD14, and concomitantly increasing surface expression of the general myeloid marker CD11b. Similar results were obtained when the expression of ERK5 was reduced by siRNA or short hairpin (sh) RNA. ERK5 inhibition resulted in an expected decrease in MEF2C activation. We also found that in AML the transcription factor C/EBPβ is positively regulated, while C/EBPα is negatively regulated by ERK5. These findings provide new understanding of dysregulated differentiation in human myeloid leukemia.
Introduction
The ability of transcription factors to regulate cell differentiation and lineage selection has been dramatically demonstrated by the induction of pluripotent stem cells (iPSCs) as the result of transfection of just a few transcription factors into adult cells, such as fibroblasts, to create cells similar to the embryonic stem cells (Takahashi et al., 2007; Yu et al., 2007) . Thus de-differentiated cells can then differentiate into multiple cell lineages to produce adult cells with various phenotypes and functions [e.g., (Lohle et al., 2012) ]. During normal cell differentiation, additional transcription factors become sequentially activated in a cell typespecific fashion when the imprinted genetic and epigenetic programs interact with signals provided by environmental clues. In neoplastic cells differentiation is impeded and aberrant, and it is hoped that these differences can be exploited for cancer therapy.
Accordingly, numerous studies have been directed to the potential improvements in cancer treatment by including agents which induce differentiation of malignant cells in the treatment regimens, based on observations of cell differentiation in neoplastic cells (Breitman et al., 1980; Friend et al., 1987; Pierce and Verney, 1961; Sachs, 1978; Schubert et al., 1971) . Indeed, all-trans retinoic acid (ATRA) has been an effective differentiation agent in the treatment of Acute Promyelocytic Leukemia (APL), the subtype FAB M3 of AML and induces complete remissions in up to 95% of patients with APL, many of which are durable (Wang and Chen, 2008) . The efficacy of ATRA is due to the presence of a hybrid gene PML-RARα and its variants in APL cells, which encode a transcription factorlike fusion protein that binds with enhanced affinity to sites on the cell's DNA, blocking transcription and differentiation of granulocytes (Grignani et al., 1993) . The mechanisms include dissociation of nuclear co-repressor (NCoR) molecules and recruitment of histone acetylases (HATs) which open the chromatin structure and relieve transcriptional repression, as well as PML-RARα degradation which can significantly contribute to the therapeutic effects of ATRA (Wang and Chen, 2008) . However, so far no clinically effective differentiation agent has been identified for the treatment of the other sub-types of AML. Thus, attention has continued to be directed to the elucidation of signal transduction mechanisms and transcription factors that can be targeted for therapeutic interventions by normalizing the malignant cell phenotype.
Multiple pathways are known which transmit environmental signals which interact with genetic and epigenetic programs to turn on transcription factors for various lineages of cell differentiation, and many of these are aberrantly expressed and are abnormally functioning in neoplastic cells. Among these, mitogen-activated protein kinases (MAPKs) including ERK1/2, JNK and p38MAPK, and the PI3K pathway have been of interest as targets for selective killing of cancer cells (Chang et al., 2003; Friday and Adjei, 2008; Santarpia et al., 2012) . Increased c-jun expression during monocytic differentiation of human leukemia cells induced by 1,25-dihydroxyvitamin D 3 (1,25D) or the phorbol ester 12-O-tetradecanoylphorbol-13-acetate (TPA) has been reported in early studies (Sherman et al., 1990) , and further work showed that c-jun expression could be mediated by the RAF/ERK pathway (Gaynor et al., 1991; Pulverer et al., 1991; Sherman et al., 1990) . Additional research revealed that c-jun can be phosphorylated and thus activated by either JNK2 or ERK1/2 (Pulverer et al., 1991) , and that c-jun is required for monocytic differentiation of human leukemia HL60 cells, functioning as a part of the AP-1 transcription factor dimer, particularly in the initial stages of differentiation induced by 1,25D (Wang and Studzinski, 2001; Wang and Studzinski, 2006) .
In the early studies, Ras-transmitted growth factor signaling was considered to take place largely by the RAF-MEK1/2-ERK1/2 pathway [reviewed by (Morris et al., 2013; Santarpia et al., 2012) ]. More recently, ERK5 was recognized as a component of a parallel MAPK pathway, with MEK5-ERK5 as the principal module (Zhou et al., 1995) , and it has been suggested that some of the regulatory signaling previously attributed to ERK1/2 was actually due to ERK5 (Wang and Tournier, 2006) . Deletion of erk5 and its upstream regulator mek5 genes in mice showed that the ERK5 cascade is not redundant with ERK1/2, and is essential for normal cardiovascular development (Regan et al., 2002; Sohn et al., 2002; Yan et al., 2003) , and in some species plays a role in neuronal survival and differentiation (Cavanaugh, 2004; Nishimoto et al., 2005; Wang and Tournier, 2006) . Further, ERK5 appears to mediate the actions of oncogenes in some cancers including breast (Esparis-Ogando et al., 2002; Song et al., 2004) and prostate (Mehta et al., 2003) . Although the role of ERK5 in myeloid leukemias has not been previously well studied, it is important to note that a well-documented downstream effector of ERK5, the transcription factor MEF2C, is a key regulator of myeloid cell fate in mice, by influencing the cell fate decisions between monocyte and granulocyte differentiation (Schuler et al., 2008) .
The importance of understanding the signaling pathways and activation of transcription factors in AML cells lies in the lack of satisfactory treatment that can be offered to most patients with this disease. Currently, in adults the majority of AML cases are incurable with five-year survival approximately 20% (http://seer.cancer.gov/statfacts/html/amyl.html). In children, the prognosis is somewhat better, but despite 90% initial remission rate approximately 40% of the pediatric patients with AML relapse (Kaspers and Creutzig, 2005) . Thus, there is the continued challenge to improve the therapy for AML, and one approach is to recognize new targets for the pharmacological eradication of the disease, which may supplement the conventional cytotoxic therapy.
It seems reasonable to suggest that ERK5 is such a target in AML, since its functions include the aforementioned oncogenic effects, along with the stimulation of cell proliferation and cell survival in other cell types [reviewed in (Alvarez-Fernandez et al., 2013; Charni et al., 2009; Drew et al., 2012; Roberts et al., 2010) ]. In this study, we have identified for the first time an additional function for ERK5, namely the positive regulation of monocytic differentiation in human AML cells, shown both in established cultures and in AML blasts ex vivo. Most importantly, we demonstrate that in human AML cells ERK5 regulates C/EBPβ, which controls CD14 expression, and thus directly promotes monocytic differentiation.
Materials and Methods

Reagents and Immunochemicals
1,25D was a kind gift from Dr. Milan Uskokovic (Bioxell). Doxercalciferol (1α-hydroxyvitamin D 2 ; 1-D 2 ) was purchased from Sigma-Aldrich (St. Louis, MO). The following antibodies: P-MEK5 (Ser311/Thr315, sc-135702), MEK5 (sc-10795), P-MEF2C (Thr300, SC-130201), and Crk-L (sc-319) were obtained from Santa Cruz Biotechnology (Dallas, TX). P-C/EBPβ (Thr235, #3084), P-C/EBPα (Thr222/226, #2844), MEF2C (#5030), ERK5 (#3372), P-ERK5 (Thr187/Tyr220, #3371), P-ERK1/2 (Thr202/Tyr204, #4370), anti-rabbit (#7074) and anti-mouse (#7076) secondary antibodies conjugated to HRP were purchased from Cell Signaling Technologies (Danvers, MA). The pharmacological inhibitors of ERK5 kinase MEK5 (BIX02189), and ERK5 autophosphorylation (XMD8-92) were purchased from Selleck Chemicals (Houston, TX) and Santa Cruz Biotechnology Inc., respectively. The MEK1/2 inhibitor PD98059 was obtained from Cell Signaling Technologies. Nitrocellulose membranes were purchased from GE Healthcare (Pittsburgh, PA). The vitamin D derivatives (VDDs) were dissolved in ethanol and kinase inhibitors in DMSO.
Cell lines, cell culture, and cell proliferation assays HL60-G cells (FAB M2), subcloned from HL60 cells derived from a patient with promyeloblastic leukemia, and U937 monoblastic cells (FAB M4), derived from a patient with histiocytic lymphoma, were cultured in suspension under conditions standard in this laboratory (Wang et al., 2010) . Routine microbiology testing for Mycoplasma was performed by selective culture techniques. For experiments involving kinase inhibitors, cells (0.1 × 10 6 /ml) were pre-treated with these agents or 0.1% DMSO (vehicle) for 1 h before the addition of VDDs or 0.1% ethanol, followed by incubation for another 1-96 h. Cell number and viability were estimated on the basis of the trypan blue exclusion assay, by enumerating live and dead cells in a Vi-Cell XR cell viability analyzer (Beckman Coulter).
Ex vivo experiments with freshly isolated patient blasts
Leukemic cells were obtained from patients in Robert Wood Johnson University Hospital with newly diagnosed AML following informed consent, in accordance with an IRB approved clinical protocol. All patients met the criteria for the diagnosis, based on WHO, and the diagnosis was confirmed in each case by a formal histopathologic review. The study population comprised 6 male subjects and 4 female subjects with a median age of 63.7 years old. According to FAB classification of AML, there was one patient with subtype M1, four patients with M2, one patient with M3, one patient with M4, one patient with M5, and two with CML. Mononuclear cells were separated from the specimens of peripheral blood by Ficoll (Histopaque ®-1077, Sigma-Aldrich) gradient centrifugation (Zhang et al., 2010) , and cultured with inhibitors and VDDs for 7 days in RPMI plus 10% bovine calf serum.
Endo-Porter delivery reagent from Gene Tools Inc (Philomath, OR).before exposure to other compounds. Short hairpin (sh) shRNA ERK5 lentiviral particles or control shRNA lentiviral particles were purchased from Santa Cruz Biotechnology Inc. HL60 or U937 cells were stably transfected with ERK5 shRNA or control shRNA lentiviral particles according to the manufacturer's instructions. Briefly, after 24 h transfection, cells were cultured in selection medium containing 2 ug/ml puromycin for 3 weeks before single clones were isolated. Individual puromycin-resistant colonies were isolated during drug selection and established as individual clones for further analysis. Transient or stably transfected cells were seeded at a concentration of 3 × 10 5 cells/ml and exposed to the specified agents for the indicated times. The cells were examined for the reduction of ERK5 expression at both mRNA and protein levels.
Determination of differentiation markers
The expression of cell surface markers of myeloid differentiation was determined by dual labeling of the cells with 10 μL of PBS containing 0.5 μg anti-CD11b MO1-FITC and 0.5 μg anti-CD14 My4-RD-1 (Beckman Coulter) followed by two-parameter flow cytometric analysis, as described previously (Wang et al., 2010) . Monocytic phenotype was further confirmed by cytochemical staining for monocytic serine esterase activity, usually referred to as nonspecific esterase (NSE), as described previously (Wang et al., 2003) .
Immunoblot analysis
This was performed using whole cell extracts, as described previously (Wang et al., 2010) . The protein bands were visualized using a chemiluminescence Pierce ® ECL system (Thermo Scientific), and the optical density of each band was quantitated using an ImageQuant 5.0 (Molecular Dynamics).
Real-time PCR (qRT-PCR)
RNA was extracted from cells using TRIzol® Reagent (Invitrogen, Carlsbad, CA). The procedures were previously described (Wang et al., 2010) . Briefly, 5-10 × 10 6 cells were homogenized in 1 ml Trizol and incubated for 5 min at RT. After addition of chloroform followed by centrifugation at 14,000 rpm, the aqueous phase was transferred to a fresh tube. The RNA was precipitated by mixing with 500 μL isopropyl alcohol, and incubated 10 min at RT. RNA pellet was obtained by centrifugation, the supernatant discarded, and the pellet washed with 75% ethanol in DEPC water, then briefly dried for 10 min. The RNA pellet was then dissolved in 50 μL DEPC water. The forward and reverse primers sequences used, respectively, were: CD11b, 5′-GCAAGTGTCTGTGTGCAAGTGTGT-3′ and 5′-TCAGTGGAGAGAAGCTGCTGTGTT-3′, CD14, 5′-AACTCCCTCAATCTGTCGTTCGCT-3′ and 5′-GGGCAAAGGGTTGAATTGGTCGAA-3′, C/EBPβ, 5′-GTTCTTGACGTTCTTCGGCCG-3′ and 5′-TGGACAAGCACAGCGACGAGT-3′; C/ EBPα, 5′-GTTAGCCATGTGGTAGGAGAC-3′ and, 5′-CCCAGCCGTTAGTGAAGAGT-3′; ARP0 (acidic ribosomal protein p0), 5′-AGATGCAGCAGATCCGCAT-3′ and 5′-GTGGTGATACCTAAAGCCTG-3′; RPII (RNA Pol II), 5′-GCACCACGTCCAATGACAT-3′, and 5′-GTGCGGCTGCTTCCATAA-3′. For reverse transcription, samples were incubated in an Eppendorf PCR system at 42°C for 15 min, then 99°C for 5 min, and 5°C for 5 min. For real-time PCR, relative quantification of target cDNA was performed using a Roche LightCycler instrument with Faststart DNA Masterplus Syber Green I kit (Hoffmann-La Roche) and gene-specific primers. The parameters for PCR were as follows: 45 cycles of 1) 95°C for 15 s, 2) 58°C for 10 s, and 3) 72°C for 15 s followed by an incremental increase (0.1°C/s) of temperature from 65 °C to 95°C to analyze the melting curve of the products. A mixture of forward and reverse primers at a final concentration of 1.5 μM was used to detect different mRNAs. ARP0 and RPII were used as internal controls.
Statistics
Each cell line experiment was performed at least three times and the results were expressed as percentages (mean ± S.D.) of the vehicle controls. Significance of the differences between mean values was assessed by a two-tailed Student's t-test. A p value less than 0.05 was considered to be statistically significant. All computations were performed using Microsoft EXCEL or GraphPad Prism ver. 6 (GraphPad, La Jolla, CA).
Results
Upregulation of ERK5 activation by 1,25D parallels the induction of full differentiation phenotype in AML cells
We have previously shown that the exposure of human AML cell to 1 nM 1,25D, a near physiological level of this vitamin/hormone, upregulates the expression of ERK5 (Wang et al., 2010) and influences differentiation of these cells, but the relative occurrence of these events was not established. To determine whether upregulation of ERK5 contributes to the initiation or is a consequence of differentiation, we compared the time at which ERK5 activation could be detected at the protein level with the time at which several differentiation markers could be detected in two AML sublines. As shown in Fig. 1 , in the more rapidly differentiating HL60 cells, ERK5 activation was significantly (p<0.05) increased at 6 h after 1,25D administration, similar to the detection of the monocytic surface marker CD14, but before the general myeloid marker CD11b or the cytoplasmic monocytic marker NSE could be visualized. On the other hand, in U937 cells which differentiate more slowly in the presence of 1,25D, activation of ERK5 was not detected until 12 h after 1,25D exposure, approximately when CD14 was elevated. In both cell lines, the general myeloid marker CD11b was increased at 12 h, showing that individual parameters of differentiation can be dissociated in a cell type-specific manner. Taking together the parallel appearance of the differentiation phenotype with the activation of ERK5, and an earlier ERK5/MEF2C activation in HL60 cells in which 1,25D induces monocytic phenotype earlier than in U937 cells, our data suggest that the ERK5 pathway is an important driver of the differentiating effect of 1,25D in AML cells. Interestingly, ERK5 appears to have a permissive rather than a driving role in differentiation, as is activation did not continue to increase once it reached a threshold that allowed differentiation to be initiated.
Pharmacological inhibition of ERK5 activation modifies 1,25D-induced differentiation of AML cell lines and inhibits the ERK5 downstream target MEF2C
To confirm that ERK5 is functionally involved in 1,25D-induced differentiation of AML cells we employed specific pharmacological inhibitors of MEK5 kinase activity BIX02189 (Tatake et al., 2008) , and of ERK5 autophosphorylation XMD8-92 (Yang et al., 2010) . HL60 and U937 cells were pre-treated with 10 μM BIX02189 or 5 μM XMD8-92 for 1 h prior to the addition of 1 nM 1,25D followed by cell incubation for an additional 96 h. The extent of myeloid differentiation was then determined by the expression of a marker of monocytic differentiation CD14 and a marker of general myeloid differentiation CD11b. As exemplified in Fig. 2A and summarized in Fig. 2C , incubation of the cells with a low concentration of 1,25D resulted in a moderate expression of both surface markers. Pretreatment with MEK5 and ERK5 inhibitors led to a marked reduction in both the basal and 1,25D-induced CD14 expression. Interestingly, this was accompanied by a significant concomitant increase in the basal CD11b levels and a strong potentiation of 1,25D-stimulated expression of this marker. XMD8-92 was generally more potent than BIX02189 in changing the surface antigen expression pattern. For comparison, we used the widely employed specific inhibitor of MEK1/2 (20 μM PD98059) which caused a general decrease in the expression of both CD11b and CD14, while inhibiting only the ERK1/2 activation ( Fig. 2A, B) . This shows that ERK5 pathway has effects on differentiation distinct from the ERK1/2 pathway. The above experiments were then repeated using a synthetic VDD (1-D2) as an inducer of differentiation with essentially similar results (Fig. 2D) . MEK5/ERK5 inhibitors produced decreases in the percentages of CD14-positive cells which were associated with elevated percentages of CD11b-positive cells, and there was also a general reduction in the levels of both surface markers in the presence of a MEK1/2 inhibitor (Fig.  2D) .
In an attempt to gain insight into the molecular events which underlie these phenotypic changes, we examined the effects of BIX2189 on the levels of total and activated by phosphorylation ERK5 and also MEF2C, previously reported to be the transcription factor immediately downstream from ERK5 in several cell types (Kato et al., 1997; Tatake et al., 2008; Yan et al., 2001) , though this was not investigated in hematopoietic cells. As shown in Fig. 3A, 1,25D and its analog 1-D2 increased the protein and phosphorylation levels of both these signaling proteins in the two cell lines studied here, and BIX02189 reduced these levels. Importantly, these experiments confirmed the expected inhibition of ERK5 phosphorylation by the MEK5 inhibitor BIX02189, while the levels of total Crk-L, a loading control, were unchanged. Since phosphorylation can affect protein stability, changes in total ERK5 and MEF2C proteins following an exposure to BIX02189 were also observed, and the significance of this remains to be investigated.
The results of experiments with BIX02189, XMD-92 and PD098059 combined with the existing literature (Drew et al., 2012; Wang and Tournier, 2006) suggest that the ERK5 pathway and the related ERK1/2 MAPK pathway are not redundant, as they have different effects on the expression of the differentiation marker CD11b. This implies that both these MAPK pathways are important for VDD-induced differentiation, and an outline of this signaling is depicted in Fig. 3B .
Knock-down of ERK5 expression modifies 1,25D-induced differentiation and reduces activation of the ERK5 pathway in HL60 cells
To complement the results with pharmacological inhibitors of ERK5 and confirm specificity, we first used transfection with silencing oligoribonucleotides (siERK5) which knock down ERK5 expression and observed the resulting changes in the phenotype and MEF2C activation in HL60 cells. Fig. 4A shows that the phenotypic changes elicited by siERK5 were similar to those seen following treatment with BIX02189: a decrease in the surface expression of CD14 accompanied by an increase in CD11b. Determination of ERK5 mRNA (Fig. 4B ) and ERK5 protein (Fig. 4C ) levels showed that the increases in ERK5 levels induced by 1,25D and 1-D2 were abrogated by siERK5, while the basal levels of cellular ERK5 were less markedly, but significantly, decreased as well (Fig. 3B) . Activating phosphorylation of ERK5 by 1,25D was also decreased by siERK5, and the phosphorylation of the ERK5 immediate downstream target MEF2C was markedly reduced, below it basal levels (Fig. 4C) . Thus, both the inhibition of ERK5 phosphorylation by BIX02189 and a reduction of ERK5 levels by siERK5 inhibit the activity of the ERK5 pathway and alter monocytic cell phenotype.
Because hematopoietic cells are difficult to transfect, we achieved only partial (approximately 40-60%) knock down of ERK5 using siRNA, we repeated the above experiment with 1,25D using cells stably expressing ERK5 shRNA and obtained essentially the same results (Fig. 4D-F) . This further confirms findings with BIX 02189, and our conclusion that the ERK5 pathway participates in 1,25D-induced monocytic differentiation.
Inhibition of MEK5/ERK5 pathway or knock-down of ERK5 expression reduces the 1,25D-induced phosphorylation of downstream transcription factors in AML cells ex vivo
To determine the more direct disease relevance of the AML model systems provided by the established cell lines, we also examined ex vivo ten samples of freshly obtained blasts from 8 AML and 2 CML patients. Since in most cases the numbers of available cells were limited, we have not included the administration of the analog 1-D2, and the molecular studies were also limited. We were able to show, however, that in the samples examined siERK5, as well as the pharmacological inhibitors of ERK5, produced phenotypic changes in AML blasts which were similar to the changes seen in established cultures, i.e., the reduced 1,25D-induced CD14 expression, and increased CD11b expression (Fig. 5A) . We have confirmed that siRNA was highly effective in knocking down ERK5 levels at both mRNA (Fig. 5B ) and protein levels (Fig. 5C ). Sufficient material was also available to show by Western blotting that 1,25D increases the levels of total and phosphorylated MEF2C transcription factor, suggesting its importance in 1,25D-induced monocytic differentiation of AML cells (Fig 5C) . These results demonstrate that our data obtained in studies of MEF2C using established AML cell lines reflect the situation in at least some samples of primary AML blasts. Additional experiments performed using CML cells showed essentially the same results, with BIX02189, XMD8-92 and siERK5 inhibiting the expression of CD14, while enhancing the expression of CD11b induced by 1,25D. However, the increase in CD11b expression was less apparent than in AML blasts, consistent with partial granulocytic differentiation of the majority of circulating CML cells (data not shown).
ERK5 is a positive regulator of 1,25D-induced C/EBPβ, but a negative regulator of C/ EBPα in AML cells
Previous work in this and other laboratories has shown that members of the C/EBP transcription factor family, particularly C/EBPβ and C/EBPα play important roles in differentiation of AML cells (Ji and Studzinski, 2004; Studzinski et al., 2005) , but their upstream regulation has not been clear. In this study, we found that the modulation by 1,25D of the levels of phosphorylated C/EBPβ and C/EBPα shows similarity when examined in ex vivo blasts or in HL60 cells, a representative AML cell line (Fig. 6, A and B) . The similarity lies in a 1,25D-induced, ERK5-dependent, robust increase in the levels of phosphorylated C/ EBPβ in both HL60 and in ex vivo AML blasts. However, siERK5 has a converse effect on 1,25D-induced C/EBPα phosphorylation, which is increased by siERK5 in both HL60 cells and in ex vivo blasts (Fig. 6A, and B) , in contrast to the decrease seen in C/EBPβ. These data indicate that ERK5 has an enhancing effect on activation of C/EBPβ, but a negative/ dampening effect on C/EBPα activation.
There is a tight correlation between C/EBPβ and CD14 mRNA expression and their changes following ERK5 knockdown in AML cells
As is well known, CD14 is a monocyte/macrophage differentiation marker and is strongly up -regulated during hematopoiesis as well as during induced differentiation of AML cells [e.g., (Pan et al., 1999) ]. It is also known that the promoter of CD14 has a C/EBP enhancerbinding element which is directly involved in the regulation of CD14 expression, as demonstrated in myelomonoblastic U937 cells (Pan et al., 1999) . However, it is not well established which C/EBP isoform is responsible for CD14 expression, as both C/EBPα and C/EBPβ expression increase during monocytic differentiation, as reported in literature, and seen in Fig. 6C . We therefore compared the expression at mRNA level of these two isoforms of C/EBP with the expression of CD14 and CD11b mRNA. As shown in Fig. 6C , experimental modulation of C/EBP isoform levels of expression in HL60 and ex vivo AML cells showed a strict correlation between the levels of C/EBPβ mRNA and CD14 mRNA with regard to 1,25D-induced increases, and their partial abrogation by siERK5. In contrast, while both C/EBPα mRNA and CD11b mRNA levels were also increased by 1,25D, C/ EBPα mRNA levels were further increased by siERK5, but CD11b mRNA was not altered by the ERK5 knockdown. This suggests that C/EBPα does not have any influence on CD11b expression, which has been reported to be controlled by the transcription factor PU.1 (Wang and Friedman, 2002) . Thus our results are consistent with signaling of monocytic differentiation of AML cells by the 1,25D ---ERK5 ----C/EBPβ → CD14 pathway.
Discussion
ERK5 is expressed ubiquitously and is evolutionarily conserved (Caffrey et al., 1999) , but its expression patterns vary in different mammalian tissues (Avruch, 2007; Drew et al., 2012; Kamakura et al., 1999; Roberts et al., 2009; Song et al., 2004) . In view of this well documented cell-type specificity of ERK5 expression and presumably function, it is important to determine to what extent the results of prior studies of ERK5 in cell types other than hematopoietic, or those obtained in murine models, apply to ERK5 in human AML cells.
We have focused on 1,25D-induced monocytic differentiation of human myeloid leukemia cells, both in established culture and in primary culture of freshly obtained AML blast cells, a system of importance in translating the knowledge of the underlying molecular events to the clinic, as a potential component of therapy. We found for the first time that the transcription factors MEF2C, C/EBPβ and C/EBPα, all known to participate in monocytic or myeloid differentiation (Marcinkowska et al., 2006; Natsuka et al., 1992; Radomska et al., 1998; Schuler et al., 2008; Wang and Studzinski, 2006) , are regulated by ERK5 in human AML. This is of considerable interest, since the role of ERK5 in cell differentiation has been rarely studied, and apart from the demonstration of the role of ERK5 in neuronal differentiation (Liu et al., 2006; Nishimoto et al., 2005) , the main interest in ERK5 was its role in the regulation of cell survival and proliferation [e.g., ref (Perez-Madrigal et al., 2012) ]. Such studies in cells of hematological origin included the demonstration that ERK5 is essential for growth of leukemic cells in vivo (Garaude et al., 2006) , that Hodgkin lymphoma cells show a constitutive activation of the ERK5 pathway (Nagel et al., 2007) , and that in multiple myeloma inhibition of ERK5 affects cell proliferation and sensitizes the cells to apoptosis (Carvajal-Vergara et al., 2005) . The most germane to the present study are the reports that ERK5 is needed for survival of CML cells with Bcr/Abl translocation (Buschbeck et al., 2005) , and that Fms-like tyrosine kinase 3 (FLT3) activates MEK5/ERK5 in human AML cell lines with mutated FLT3 (FLT3-ITD) (Razumovskaya et al., 2011) . However, in these studies the focus was also on the effect of ERK5 inhibition on cell survival, not differentiation.
We have also noted for the first time that ERK5 is required for optimal monocytic differentiation of AML cells when these cells are exposed to 1,25D or to 1α-hydroxyvitamin D 2 , an analog which has FDA approval for human use in kidney dialysis patients (Dennis and Albertson, 2006) (Fig. 1) . When ERK5 activity is specifically inhibited, or its expression reduced, the expression of the VDD-induced CD14 surface marker, specific for the monocytic phenotype in hematopoietic cells (Goyert et al., 1988) , is markedly reduced. Reciprocally, the expression of the general myeloid marker CD11b increases when ERK5 activity is inhibited by pharmacological inhibitors or by siERK5, evident both in cell lines and blasts ex vivo (Figs 2, 4 and 5) . While the exact sequence of events requires further extensive studies, it is likely that the ERK5 regulation of CD14 expression is mediated directly at transcriptional level by C/EBPβ, as this transcription factor is known to activate the CD14 promoter in monocytic differentiation (Pan et al., 1999) , and C/EBPβ is upregulated and activated by 1,25D under ERK5 control (Fig. 6) . In contrast, phosphorylation of C/EBPα, another factor crucial for myelopoiesis (Radomska et al., 1998) , also upregulated during 1,25D-induced differentiation of AML cells, is inhibited by the ERK5 pathway (Fig. 6 ), perhaps to inhibit granulocytic differentiation when the cells are exposed to 1,25D. Further, in the differentiation system studied here the control of CD11b expression appears to be mechanistically different from the control of CD14 expression, as at mRNA level CD11b expression was not altered by siERK5 (Fig. 6C) , even though the surface expression of CD11b is regulated by ERK5 (Figs 2, 4 and 5). Thus, it seems likely that CD11b protein levels are kept in check by protein stability or subcellular localization influenced by the ERK5 pathway, while CD14 protein levels are positively regulated by the ERK5 pathway at the transcriptional level. This suggests that the ERK5 pathway serves to direct hematopoietic lineage selection towards the monocytic phenotype, and that the role of MEF2C, its immediate downstream target, in this pathway should be investigated.
Taken together, the studies reported here constitute a significant step forward in elucidating the complex relationships between signaling pathways and cell fate, and thus may provide a better basis for design of improvements in targeted therapy of AML. A. Western blots illustrating the time course of the expression and activation by 1,25D (1 nM) of ERK5, and its direct target MEF2C, in two subtypes of human myeloid leukemia cells. Beneath each blot a bar graph shows the mean values +/− SE, n=3. The short term (1-9h) experiment was set up separately from the longer term (12-96h), thus signal intensity was compared to the corresponding Untreated control value, set as 1.0 on the vertical scale. Statistical significance of the difference from untreated cells (C) is shown by the asterisk (*), p< 0.05, n=3. B. Time course of 1,25D -induced appearance of surface markers of differentiation measured by Flow Cytometry. In the short term experiments only the monocytic marker CD14 significantly increases, denoted by the asterisk (*), p< 0.05. In the long term experiment both the general myeloid marker CD11b and CD14 significantly increase, denoted by (#) p< 0.05. Other details as above. C. Cytochemical demonstration of the appearance of the monocyte-specific esterase NSE induced by 1,25D. Note that significant positivity of this differentiation marker is reached in 9h in HL60 cells, but at 12h in U937 cells. Details and symbols as above. A. HL60 and U937 cells were pretreated with ERK5 inhibitor BIX 02189 (10 uM) for 1 h, then 1,25D (1 nM) or doxercalciferol (100 nM; 1-D2) were added for 96 h. The total and phosphorylated protein levels in the ERK5 cascade were determined by Western blot analysis, Crk-L was used as a protein loading control. BIX= BIX 02189. Beneath each blot a bar graph shows the mean values +/− SE, n=3. Asterisks (*) show the statistically significant differences from the control group, and hash marks (#) the statistically significant differences from the 1.25D alone group, p< 0.05; n=3. B. An outline of ERK5 and ERK1/2 signaling showing that in AML cells these two pathways signal differentiation in overlapping but distinct ways, and inhibitors of ERK1/2 or ERK5 pathways have different effects on the phenotype in AML cells. A. Exposure of 1,25D-treated AML cells to ERK5 siRNA oligonucleotides (siERK5) inhibits the expression of CD14 monocytic differentiation marker, but promotes increases in the CD11b general myeloid cell marker. Circled areas illustrate that the intensity of the monocytic differentiation marker CD14 is decreased by the ERK5 KD. B. siERK5 abrogates the VDD-induced increase in ERK5 in HL60 cells at both transcriptional (RT-qPCR, bottom bar chart) and protein (Western blots, upper panel) levels. The hash mark (#) shows that 1,25D significantly increased ERK5 mRNA level when compared to untreated control. Asterisks (*) show the statistically significant differences from the corresponding siRNA groups. p < 0.05; n=3. Bars represent mean values +/− SE. C. Exposure of 1,25D-treated cells to siERK5 abrogates the increases in ERK5 and markedly reduces the levels P-MEF2C, a downstream target of ERK5. The levels of Crk-L, a loading control, were not significantly altered. D. E. Exposure of AML cells stably transfected with non-targeting shRNA or shERK5 to cells treated with a vehicle control or with 1 nM 1,25D produces results similar to those obtained with siERK5. Details as described for panels A and B. Note that in the shERK5 experiments the vitamin D analog 1-D2 was not used. F. Western blots of HL60 cells stably transfected with non-targeting shRNA and shERK5. The shERK5 reduced both the basal and 1,25D-induced ERK5 signaling. Asterisks (*) show the statistically significant differences from the corresponding non-targeting shRNA control groups. p < 0.05; n=3. Bars represent mean values +/− SE. A. Pharmacological inhibitor of MEK5 kinase activity, BIX 02189, and of ERK5 autophosphorylation, XMD8-92, have effects similar to siERK5 on changes in the phenotype of AML blasts in primary culture induced to differentiate by 1,25D. B. In AML cells in primary culture, as in cell lines, ERK5 mRNA levels are significantly increased after exposure to 1,25D, and transfection of siERK5 significantly inhibits both the basal and 1,25D-induced ERK5 mRNA expression. Asterisks (*) show the statistically significant differences from the corresponding siRNA control groups. p < 0.05; bars represent mean values +/− SE. C. ERK5 protein expression and the ERK5 downstream target activated by 1,25D in AML blasts from patient 1 are inhibited by siERK5. Note that the phosphorylation/activation of the known ERK5 downstream target, MEF2C, is markedly reduced by siERK5. There was insufficient protein quantity in other primary AML samples to replicate this experiment. Crk-L was used as a protein loading control.
C. Tight correlation between the expression of C/EBP beta and CD14 mRNA expression and the responses to ERK5 KD in HL60 and AML ex vivo cells. 1,25D increases the expression of mRNAs for both C/EBP alpha and C/EBP beta, but siERK5 reduces the 1,25D-induced increase in C/EBP beta, while it further increases the expression of C/EBP alpha. There is no correlation between C/EBP alpha and CD11b, but the expression of C/EBP beta mRNA correlates well with CD14 mRNA. Hash marks (#) show that 1,25D significantly increased mRNA levels when compared to the untreated control. Asterisks (*) show the statistically significant differences from the corresponding siRNA groups following exposure to siERK5. p < 0.05; bars represent mean values +/− SE. or ex vivo cells, replicates were from the same patient.
